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□ Abstract — Prolonged survival of Islet- alio- and xeno- 
grafts can be Induced following implantation of tbe islets into 
the abdominal testis, of diabetic rats. We previously showed 
that a factor released by Sertoli cells appears to he responsi- 
ble for tbe protection of the intraarticular Islet alio- and xe- 
nografts against rejection. The aim of this study was Co 
examine whether an Immunologically privileged site can be 
estahlUued in an organ site in vivo, other than the testis, sach 
as the renal, subcapsular space, to make feasible the graft- 
ing of female recipients as well. A total of 36 male and 21 
female, diabetic, PVG rats were divided into six different 
treatment groups: 1) Six male rats were grafted with Islets 
from Sprague-Dawley <S-D) donor rats only. 2) Ten male rata 
were grafted with islets from (S-D) donors and were then 
given a short course of cyclosporins (CsA) posttransplanta- 
tion. 3) Ten male rats were grafted with Islets from (S-D) do- 
nors and with Sertoli cell-enriched fractions (SEF) from PVG 
donors but without CsA. 4) Ten male rats were grafted with 
a combination of islets from (S-D) and SEF from (PVG), do- 
nors, respectively, and CsA. 5) Ten female rats were given 
an identical combination of cells and CsA as depicted for 
group 5. (!) Ten female rat* were grafted with a combination 
f islets and SEF, both cell types from S-D donors, and C&A. 
The results showed that 7097b to 10O<7o of the grafted rats in 
groups 1, 2, and 3 remained hyperglycemic. Prolonged nor- 
moglycemic in excess of lOu days was induced In more than 
75% of the grafted rats only in groups 4, 5, and 6, or In those 
animals who were grafted with a combination of islets and 
SEF and who were given a short course of CsA as well* Elec- 
tron microscopic examination of the grafted tissues showed 
tbe presence of Intact beta cells and of cells with features 
characteristic of Sertoli ceils. Our results suggest that 1) the 
protection of Islet allografts in nonimmiinologicalry privi- 
leged site can he achieved in male and female rats by means 
of the simultaneous transplants lion of Sertoli cells. 2) Ser- 
toli cells apparently maintain the capacity to secrete an im- 
mune inhibitor In organ sites other than the testis. We 
conclude that it is feasible to create an Immunologically priv- 
ileged site for the transplantation of Isolated Islets In male 



and female diabetic recipients without the need for sustained 
Immunosuppression. 

□ Keywords — Sertoli; Allograft; Immunologically privileged. 
INTRODUCTION 

Several immunologically privileged sites in mammals 
sometimes allows prolonged survival of iransplanted 
allografts (1), The immunologically protective mech- 
anisms of the brain and anterior chamber of the eye 
seem to involve primarily deficient lymphatic drainage 
(2). Indeed, in some instances, experimental interrup- 
tion oflymphatic drainage in tissue has created an im- 
munologically privileged site (3). In contrast, the testis 
(also a privileged site), has excellent lymphatic drain- 
age (4). It is likely that locally produced factors are re- 
sponsible for inhibition of the immune response (5). 

Wc previously showed that extended survival of islet 
alio- and xenografts can be achieved after I ran spla il- 
lation of isolated pancreatic islet cells into the abdom- 
inal testis (6-8). The donor origin of these isolated cells 
does not seem to influence their long-term survival. 
Islet cells grafted against major histocompatibility 
(MHC) barriers (6), islet xenografts (7), and islets of 
MHC-compatible donors grafted into the testes of 
rats with autoimmune, spontaneous diabetes mellitus 
function indefinitely in diabetic recipients (8). How- 
ever, despite remarkable preservation of function In 
abdominal, intratesticular islet allografts, there are 
drawbacks associated with the use of an unconven- 
tional organ site. A major concern is Lhat the germ cells 
may undergo a malignant transformation at the higher 
core body temperature (9). More importantly, because 
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only males have Sertoli cells, this transplantation ap- 
proach cannot be used in that half of the population 
which is female. ^ 

Because of these objections, and because of the ob- 
servations that cultured Sertoli cells produce a factor 
which inhibits the production of 1L-2 in vitro (10), 
studies were initiated in an attempt Lo create an immu- 
nologically privileged site In a heterotopic site, in vivo, 
other than the testis. In the present study wc investi- 
gated the effect of Sertoli cell-enriched fractions (SEF) 
transplanted in conjunction with isolated islets on is- 
let allograft survival pi the renal subcapsular space of 
diabetic rats. 

MATERIALS AND METHODS 

Animals 

PVG rats, weighing between 150-200 g, were used 
exclusively as recipients of islets. Diabetes was induced 
by means of a single i.v. injection of 65 rng/dL of 
streptozotocin. Only rats with plasma glucose levels in 
excess of 400 rng/dL were transplanted. Sprague- 
Dawley (S-D) outbred rats were used as islet donors. 
Either PVG or S-D male rats between 16 and 18 days 
old were used as Sertoli cell donors. 

Islet Preparation 

Islets were prepared according to modification of the 
method of London et al. (11), described in detail else- 
where (6). The islets were purified on Ficoll gradients, 
and the isolated cells were then incubated for 4 days 
at 37°C in a humidified atmosphere of 5Wo C0 2 and 
air prior to use (6). No special efforts were made to de- 
plete the islets of contaminating passenger leukocytes. 

Sertoli Celt-enriched Fraction Preparation 

Highly purified preparations of Sertoli cells were iso- 
lated from the testes of young males according to the 
method of Cheng et ai, (12)- The testes were removed, 
chopped into several pieces, and placed in a 50 mL 
conical tube containing 50 niL of Ham's F1 2/DMEM 
media. The pieces were washed once by centrifugation 
at 800 x g for 2 min. The supernatant was aspirated, 
and the tissue resuspended in 40 mL of media contain- 
ing 40 mg trypsin and 0.8 mg DNase in a sterile 250 mL 
Erlenmeyer flask. The flask was placed in an 37°C 
oscillating incubator at 60-90 osc/min for 30 min. This 
step removed Leydig cells. The tubules were then trans- 
ferred to a 50 mL conical tube, and centrifuged at 
800 x g for 2 min. The supernatant fraction was aspi- 
rated, and the pellet resuspended in 40 mL of 1 M gly- 
cine, 2 mM EDTA containing 0.01*7o soy bean trypsin 
inhibitor and 0,8 mg DNasc, and incubated at room 
temperature for 10 min. This step lysed any residual 
Leydig cells. The cells were washed by ccntrifugation 
for 2 min, and the step repeated twice, or until the 



media was no longer cloudy. The pellet was resuspended 
by gentle homogenization with a glass Pasteur pipet 
in 40 mL of media containing 20 mg collagenase in 
an Erlenmeyer flask, and incubated at 37°C for 5 min 
with 60-90 osc/min. The cell suspension was cenvri- 
fuged at 800 x g for two min, and the pellet resuspended 
by gentle homogenization with a Pasteur pipet in 40 mL 
media containing 40 mg collagenase and 0.2 mg DNase, 
and incubated in an Erlenmeyer flask at 37°C for 
30 min with 60-90 osc/min. The cells were then washed 
by centrifugation for 2 min, and the process repeated 
at least three times to eliminate peritubular cells. The 
cells were resuspended by gentle homogenization with 
a Pasteur pipet in 40 mL media containing 40 mg hy- 
aluronidase and 0.2 mg of DNase, and incubated at 
37 fl C for 30 min with 60-90 osc/min. The ccJls were 
pelleted by soft centrifugation for 2 min, and washed 
at least five times to eliminate germ cells. The resultant 
SEF was resuspended in 0.25 mL of media, and imme- 
diately transplanted into the recipient rat. Each grafted 
rat received the equivalent of the total amount of Ser- 
toli cells contained in a single testis. 

Transplantation of Rats 

The diabetic rat was anesthetized with methoxyflu- 
rane USP in a sterile hood and the left flank' opened 
to expose the kidney. The SEF was injected first un- 
derneath the renal capsule. The cells could be seen as 
a miikish bubble underneath the capsule. Immediately 
afterwards, a total of 10 islets/g of body weight was 
injected into the same miikish bubble. The needle was 
retracted slowly to prevent leakage of the grafted cells. 
Cyclosporine (CsA) was administered s.c. in varying 
doses over a 20-day period to groups two and four. Be- 
cause the grafted rats responded similarly whether the 
drug was administered over a 20-day, or over a 3-day 
period, all of the subsequent groups, including the fe- 
male rats, were treated with only three injections of 25 
mg/kg CsA, given on days 0, + 1 , and +2, relative to 
the graft. The rats received no other therapy. 

A total of 36 male and 21 female PVG rats were di- 
vided into sue different treatment groups: Group 7, the 
control group, consisted of 6 male rats grafted with 
only islets from S-D donor rats. They received neither 
SEF nor CsA. Group 2 consisted of 10 rats grafted 
with a combination of islets from S-D rats and CsA 
posttransplantation, but no SEF. Group 3 consisted of 
a total of 10 rats grafted with a combination of islets 
from S-D and SEF from PVG donor rats, but no CsA 
posttransplantation. Group 4 consisted of 10 rats 
grafted with a combination of islets from S-D donors, 
SEF from PVG donors, and CsA posttransplantation. 
Group 5 consisted of 11 female rats grafted with the 
same combination of cells as depicted for Group four. 
Group 6 consisted of 10 female rats grafted with a 
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combination of islets and SEF, both cell types from 
S-D donors, and CsA posttransplantation. 



tively, for structural analysis by light and electron 
microscopy. 



Posttransplantation Evaluation of Rats 

The grafted rats were transferred to metabolic cages, 
and plasma glucose levels were obtained at weeldy in- 
tervals. Urine volumes and urine glucose contents were 
obtained at daily intervals. A rat was considered cured 
of the diabetic process if the following criteria were 
met: A random plasma glucose level ^ 150 mg/DL: 
aglycosuria; and immediate reversal to hyperglycemia 
following surgical removal of the grafted kidney. 

To determine if any ''.of the rats had become unre- 
sponsive lo their grafts, normoglycemic rats were chal- 
lenged with a secondary islet allograft consisting of at 
least 500, freshly prepared, Sprague-Dawley islets 
which were injected inLo the contralateral renal subcap- 
sular space. No immunosuppression was given follow- 
ing the challenge. 

To examine the impact of the transplantation of SEF 
on fertility of the female rals, normoglycemic animals 
of longer than 30 days were mated with PVG males. 
Metabolic parameters, as outlined above, were closely 
monitored, as was the course of their pregnancies. 

Structural Analysis of Grafted Tissue 

A total of five successfully grafted rats were ne- 
phrectomi7ied at intervals following transplantation. 
Wedge sections of renal tissue, obtained. from sites at 
which islets and SEF had been injected, were prepared 
for examination by light and electron microscopy, as 
previously described (15). Briefly, the tissue wedges 
were immersion-fixed with 5*/o glutaraldehyde in 0.1 M 
s-Collidine buffer for 1 h, washed in buffer, and post- 
fixed for 1 h with IVo osmium tetroxide in ,0.1 M 
buffer. Small tissue blocks were cut from the wedges, 
and dehydrated through a graded series of ethyl alco- 
hols, transferred to propylene oxide, and embedded in 
Epon 812/Araldite plastic resin. Thick (0.5 pun) and 
thin (900 ng) sections were stained routinely with to- 
Iuidine blue and uranil acetate/iead citrate, respec- 



KESULTS 

The results are summarized in Table 1 : 

Group 1: None of the six rats grafted with islets alone, 
without either SEF or CsA, became normoglycemic. 

Group 2: Three of 10 rats grafted with islets and 
treated with CsA became normoglycemic for more 
than 100 days. The 3 normoglycemic rats were chal- 
lenged with a secondary graft on days 1 16, 192, and 
197, respectively. One rat reverted to hyperglycemia on 
day 130, while 2 remained normoglycemic. 

Group 3: Initially 6 of the 10 rats grafted with islets 
and SEF, but no CsA, became normoglycemic, but all 
of them reverted to hyperglycemia by day 14. 

Group 4: All 10 of rats grafted with a combination 
of SEF and islets, and also given CsA became normo- 
glycemic. Two reverted spontaneously to diabetes on 
days 19 and 76, respectively. Three were nephrecto- 
mized on days 58, 84, and 167 following transplanta- 
tion. All 3 of these rats became hyperglycemic within 
the next 24 h. The remaining 5 rats were challenged 
with a secondary islet allograft on days 1 19, 129, 280, 
•342, and 400, respectively. Of these, the first 2 reverted 
to diabetes on day 127 and 139, respectively, while the 
latter 3 remained normoglycemic. 

Group 5: All 11 of the female rats grafted with a 

combination of islets and SEF, and then given CsA, 
became normoglycemic. Of these, 4 reverted sponta- 
neously to hyperglycemia by day 28. OTthe 7 normo- 
glycemic rats who were mated with male PVG rats, 6 
became pregnant , and of these, 8 had litters varying be- 
tween 1 and 10 pups. They were able to nurse the pups 
successfully. A total of 7 of the long-term surviving fe- 
males were challenged with secondary islet allografts 
at least 200 days following transplantation* None of 
them reverted to hyperglycemia. 



Table 1. Effect of Sertoli cells on islet allograft survival in the non-immunologically privileged renal, subcapsular sile 



Group (n) 



Gender 



Sertoli cell ' 
(donor origin) 



CsA 



Duration of normoglycemia (days) 
Individual responses 



I (6) 

2(10) 

3 (10) 

4(10) 

5(11) 

6(10) 



male 

male 

male 

male 

femaje 

female 



-KPVG) 
+(PVG) 
-*-(PVG) 
+(S-D) 



0,0,0,0,0,0 

0,0,0,0,0,0,0, 130, >441 , >445 
0,0,0,0.9,10,12.13,13,14 

l9,76,58*,84M67*,127tl39T,>418t,>422t,>425t . 

7 J ll,14,28,>287t,>305t r >306f,>308t,>44lt,>447t,>457t 

8 1 10 l 96M2B # a >168,>m- v >184 l >193 v >193.>196 



*TicphrccLom»/rd, tchallcnged with a secondary islet allograft. 
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Croup 6: Of the 10 rats grafted with islets and SEF 
from the same donor strain of rat, all 10 became nor- 
moglycemic. Two reverted to hyperglycemia by day 10. 
A nephrectomy to remove the graft was done on 2 of 
the long-term surviving rats on days 96 and 201, re- 
spectively. Both reverted to hyperglycemic immediately 
within the next 24 h. 



Tissue Morphology 

Renal tissue obtained from the long-term grafted 
kidney appeared structurally normal by light micros- 
copy (Fig, 1). Transplanted islets in this organ were 
immediately subjacent to the kidney capsule, and also 
appeared structurally normal. They displayed tissue 
and cellular architecture identical to islets in situ (Fig. I). 
Individual islet cells were partitioned into cell clusters 
by thin connective septa containing small vessels and 
capillaries (Fig. 1). It appeared that most of the islet 
cells contained secretion granules. When resolved by 
electron microscopy, islet cells were identified as the 



0-ccll type by the inclusion of ultrastructuraUy distinc- 
tive, and unique insulin-containing secretion granules 
(Fig. 2). All )9-ceU clusters observed were in close prox- 
imity to intra-islct capillaries (Fig. 2). 

There was a high density of ceils between, and di- 
rectly adjacent to, the transplanted islets and renal pa- 
renchyma. By light microscopy, they did not appear 
U> be islet cells, kidney cells, nor cells of blood origin 
(Fig. 1), When observed by electron microscopy, these 
cells were similar inultrastructure to Sertoli cells in that 
their nuclei were irregular in profile, and contained 
deep nuclear clefts, distinctive nucleoli were often 
present, and mitochondrial structure was dense. Al- 
though these cells did not retain the typical polarity of 
Sertoli cells in vivo, they were* however, identical in 
appearance to Sertoli cells in vitro, when the cells are 
not plated on a basement membrane substrate (33,34). 
The cells were not associated with a basement mem- 
brane, and appeared randomly organized' (Fig. 3). 
Cells showing ultrastructural features of either germ or 
Leydig cells were not observed. 




Fig. 1 . Normal pancreatic islets of Langcrhans (IL), along with isolated rat Sertoli cells , were transplanted into the subcapsular 
space in the kidney of diabetic rats. As illustrated in this light micrograph, islets appear structurally normal, and are well- 
vascularized as indicated by the numerous intra-isiet capillaries. The kidney parenchyma (K) also appears normal. Between 
the islet and renal tissue there is a high density of cells (S) which do not appear to be of islet, renal k or blood origin. Tissue 
was stained with toluidine blue. x430. 
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Fig. 2. This electron micrograph shows, at higher magnifi- 
cation, an individual cell within the transplanted islet. Note 
its close proximity to an intra-islet capillary (R = red blood 
cell). The unique ultrastructure of its numerous insulin secre- 
tion granules (arrows) clearly identifies this cell type as a 
0-eeli. X6.446. 



DISCUSSION 

The data reported here show that isolated pancreatic 
islets, transplanted simultaneously with SEF into the 
renal subcapsular space of MHC-incompatible donor 
rats, leads to protection of the islets against, immuno- 
logical destruction. Moreover, in the presence of a 




Fig. 3. This electron micrograph shows, at higher magnifi- 
cation, the fine structure of the extra-islet cells labeled "S" 
in Fig, 1. Both the cell nucleus (N) and cytoplasm are simi- ; 
lar in appearance to Sertoli cells in vivo, and arc structurally 
identical to Sertoli cells in vitro. R = red blood ceil, x3 F 280. 



minimal amount of CsA, the data show that the rats 
are capable of developing a state of unresponsiveness 
or tolerance to their grafted islets that lasts indefinitely. 

A number of mechanisms could be envisioned for 
Lhc prolonged survival of islet allografts under these 
circumstances. First, despite ilie fact thai special pre- 
cautions were taken to transplant preparations consist- 
ing solely of SerLoli cells, these cells may, nonetheless, 
have been contaminated with either genu, or with Ley- 
dig cells. It has been demonstrated that sperm and sem- 
inal fluid suppress phytolectin-induced cell-mediated 
responses (13). Likewise, others have shown that Ley- 
dig cells nonspecifically inhibit lynaphoproliferation, 
in vitro (14). We consider this an unlikely explanation, 
however, since our earlier studies have demonstrated 
that the destruction of either germ and/or Leydig cells 
in vivo docs not prevent the long-term survival of in- 
trateslicuiar islet allografts (15), and because no such 
cell types were observed in the present study. Likewise, 
testicular steroidogenesis was shown not to be a pre- 
requisite for the protection of intratesticular islet allo- 
grafts against rejection (16). 

Results suggest, rather, that the presence of the 
grafted Sertoli cells, per se, may have had an impact 
on the local immune response. Sertoli cells are respon- 
sible for the synthesis of many different protein sub- 
stances, some uf which promote giowth (17,18), and 
others which have immunosuppressive capabilities 
(19). We have previously shown that cultured Sertoli 
cells produce a factor which inhibits Con- A stimulated 
lymphocyte proliferation in a dosc-dependent manner 
(10). In this earlier study, lymphocyte proliferation was 
suppressed, and associated with an inhibition of the 
iymphokine incerleukin-2 (IL-2), It is widely acknowl- 
edged that all proliferating T-cclls express IL-2 recep- 
tors, while resting cells do not, and that interaction of 
IL-2 with its receptor is an absolute requirement for the 
clonal expansion of activated T-celis (20). Because the 
prevention of IL-2 receptor interaction completely in- 
hibits T-cell proliferation, we propose that both clonal 
expansion and viability of activated T-cclls are sup- 
pressed by an immuno-suppressive Sertoli cell secretory 
product (20). 

If our premise is correct, then the most puzzling 
finding of the present study is the observation that 
transplantation of islets with SEF alone was not suf- 
ficient to protect the grafts against immunologic de- 
struction. For successful transplantation, the grafted 
rats required an additional short course of CsA ther- 
apy. In effect, CsA proved to be a much more potent 
protector of the islets against rejection than did the 
SEF, For instance, in the control Group grafted with 
islets alone, but who were given CsA, graft survival oc- 
curred in 30^o of the recipients (Table 1, Group 2). On 
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the other hand, in rats transplanted with islets and SEF 
alone, but without CsA, the grafts did not do nearly 
as well (Table 1, Group 3). In rats ^receiving both SEF 
and CsA, however, the cure rate was quite high, and 
about 70°7o of the grafted rats became normoglycemic 
for longer than 200 days (Table 1, Groups 4-6). We 
conclude from these findings that the simultaneous 
presence of SEF and CsA exerted synergistic effects es- 
sential for long-term islet allograft survival in the rat 
kidney. 

At present we can only speculate on the mechanisrn(s) 
of this apparent synergistic effect. It is conceivable that 
the presence of SEF, -or a factor produced by these 
cells, protected the islets against the toxic effects of 
CsA. It has been suggested that CsA may be directly 
toxic to 0-ceils (21,22). We regard this as an unlikely 
explanation. Results of a previous study have showed 
that 0-eeil funcLion is not adversely affected in rats 
transplanted with islet xenografts which were treated 
with CsA for 100 days (7). Furthermore, in the present 
study the majority of rats were treated with only three 
injections of CsA, and this dose is unlikely to have 
been damaging to the islets. 

A more likely explanation is thai an immunosup- 
pressive SEF secretory product, or products (20). en- 
hanced, or augmented, the effects exerted by CsA on 
the immune response. CsA therapy is known to have 
a major Impact on the immune response by means of 
several different mechanisms. First of all, CsA-induced 
' effects result in a marked suppression of the produc- 
tion of the lymphokine, IL-2, and subsequently, a de- 
struction of specific clones of proliferating cytotoxic 
T-ceils (23-26). This effect would be similar to that 
caused by the proposed immunosuppressive Sertoli cell . 
factor, as indicated in our earlier study (20). CsA has 
other modes of action, however, which are quite dis- 
tinct from that mediated by the Sertoli cell. For exam- 
ple, CsA does not modify IL-2 receptor activity or 
expression, whereas the immunosuppressive Sertoli cell 
factor acts like a fusion protein to inhibit IL-2 receptor 
activity (20). More importantly, however, the treat- 
ment of grafted animals with CsA often leads to the 
induction of a state of specific tolerance or unrespon- 
siveness to allografts (27-30). 

Based on the results of this and our previous stud- 
ies, we can now propose a likely mechanism for the 
synergistic effects of CsA and Sertoli cells on islet al- 
lograft survival: In the presence of both immunosup- 
pressive components, there is a marked depletion of 
IL-2 production and blockage of IL-2 receptor activ- 
ity resulting, therefore, in the ablation or significant 
reduction of proliferating cytotoxic T-cells. Prolonga- 
tion of islet allograph survival is induced either by a 
clonal deletion of T-cells, or by the activation of a spe- ' 
cific suppressor T-cell population (29,30). In this re- 



spect, it is of interest to note that others have induced 
a similar immune defect (i.e., suppression of rejection) 
for the protection of grafts such as the pancreatic Is- 
let (31) and the heart (32) by treating recipient animals 
with a combination of an IL-2 antireceptor monoclo- 
nal antibody and CsA. 

The importance of the present study relates to the 
likelihood that this approach to islet transplantation 
may also be applicable to the grafting of humans, and 
in particular, of both sexes. Aside from the effects of 
the immunosuppressive Sertoli cell factor on the im- 
mune response, it is encouraging to find that the effect 
occurred independently of the donor origin of the SEF, 
The results appeared to be the same whether the SEF 
donor was MHC-compatible with the host rat or not 
(Table 1 , Groups 5 v. Group 6). The fact that SEF need 
not be MHC-compatiblc with the host greatly enhances 
the clinical applicability of this transplantation proto- 
col. To this end, our investigation seeks to determine 
whether preincubation of Sertoli cells, prior to trans- 
plantation, alters the marked beneficial effects of the 
freshly collected SEF on islet allograft survival. Clearly, 
it would be more practical if cultured preparations 
could be used instead of dealing wiLh primary cell iso- 
lation for each transplantation event. We are currently 
determining the success and efficacy of islet/SEF 
transplantation into other organ sites in both male and 
female rats. 

In summary, wc have shown that it is possible to cre- 
ate an immunologically privileged site in an organ 
other than the testis by means of the transplantation 
of SEF along with the islets, indefinite islet allograft 
survival in the renal subcapsular space required, in ad- 
dition, a short course of CsA therapy, although sus- 
tained immunosuppression was not essential. The data 
indicate that the SEF, and most likely Sertoli cells (10), 
retain the capacity to secrete an immunosuppressive 
factor(s) in an organ site other than the testis, and that 
the presence of these secretions were neither andro- 
genic nor inhibitory to ovulation in female rats. This 
was demonstrated by the ability of grafted female rats 
to carry pregnancies to full term and to nurse their 
pups successfully. 
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